In order to evaluate the role of portal insulin in the modulation of hepatic glucose production (HGP), measurements of plasma glucose and insulin concentrations and both HGP and peripheral glucose disappearance rates were made following an infusion of a dose of tolbutamide (0.74 mgm -2. min -1) in healthy volunteers that does not result in an increase in peripheral vein insulin concentrations or metabolic clearance rate of glucose. The results showed that the infusion of such a dose of tolbutamide was associated with a significant and rapid decline in both HGP (from 9.0 + 0.5 to 7.7 + 0.5~tmol.kg -1.min -1 or A= -13.8+4.5%; p< 0.001 compared to saline) and plasma glucose concentration (from 5.1+ 0.2 to 4.4+ 0.1mmol/l or A = -13.0 + 2.1%; p < 0.01 compared to saline). Since neither HGP nor fasting glucose fell when tolbutamide-stimulated insulin secretion was inhibited by the concurrent administration of somatostatin, it indicated that tolbutamide by itself, does not directly inhibit HGP. Finally, HGP fell by 26.3 + 6.0 % at 10 min after a dose of tolbutamide that elevated both peripheral and portal insulin concentrations, at a time when HGP had barely increased (A = + 6.9 + 5.3 %). The difference in the magnitude of the two responses was statistically significant (p < 0.03), providing further support for the view that insulin can directly inhibit HGP, independent of any change in flow of substrates from periphery to liver. [Diabetologia (1997[Diabetologia ( ) 40: 1300[Diabetologia ( -1306 Keywotds Liver, insulin, portal system, C-peptide, tolbutamide.
Summary
In order to evaluate the role of portal insulin in the modulation of hepatic glucose production (HGP), measurements of plasma glucose and insulin concentrations and both HGP and peripheral glucose disappearance rates were made following an infusion of a dose of tolbutamide (0.74 mgm -2. min -1) in healthy volunteers that does not result in an increase in peripheral vein insulin concentrations or metabolic clearance rate of glucose. The results showed that the infusion of such a dose of tolbutamide was associated with a significant and rapid decline in both HGP (from 9.0 + 0.5 to 7.7 + 0.5~tmol.kg -1.min -1 or A= -13.8+4.5%; p< 0.001 compared to saline) and plasma glucose concentration (from 5.1+ 0.2 to 4.4+ 0.1mmol/l or A = -13.0 + 2.1%; p < 0.01 compared to saline). Since neither HGP nor fasting glucose fell when tolbutamide-stimulated insulin secretion was inhibited by the concurrent administration of somatostatin, it indicated that tolbutamide by itself, does not directly inhibit HGP. Finally, HGP fell by 26.3 + 6.0 % at 10 min after a dose of tolbutamide that elevated both peripheral and portal insulin concentrations, at a time when HGP had barely increased (A = + 6.9 + 5.3 %). The difference in the magnitude of the two responses was statistically significant (p < 0.03), providing further support for the view that insulin can directly inhibit HGP, independent of any change in flow of substrates from periphery to liver. [Diabetologia (1997) 40: 1300-1306] Keywotds Liver, insulin, portal system, C-peptide, tolbutamide.
Evidence has been published showing that hepatic glucose production (HGP) is decreased following the infusion of either insulin or sulfonylurea compounds [1] [2] [3] [4] , and this is generally assumed to be due to a direct effect of insulin on the liver. However, the results of two recent studies in dogs [5, 6] demonstrated that insulin delivered peripherally inhibited HGP as effectively as the direct intraportal administration of insulin, suggesting that the ability of insulin to inhibit HGP may be mediated through its peripheral action on substrate flow to the liver. Although we think it reasonable that insulin can inhibit HGP by decreasing substrate flow to the liver, the experiments to be presented were initiated to see whether insulin can also inhibit HGP directly. In order to accomplish this task non-invasively, we measured HGP, in normal subjects, in response to a continuous infusion of tolbutamide that would not significantly increase peripheral insulin concentrations and compared it to a saline) infusion. Under these conditions, HGP should have been similar in both studies if HGP was only modulated by the peripheral inhibition of substrate flow. Since HGP was significantly lower following tolbutamide, the data are consistent with the hypothesis that insulin can directly inhibit HGE
Subjects and methods
Subjects. The study population consisted of 23 healthy volunteers (13 males/10 females). All underwent a normal 75 g glucose tolerance test as defined by the National Diabetes Data Group [7] as well as normal routine laboratory values. The mean age was 51 + 12 years, with a body mass index of 24.0 + 4.0 kg/m z (mean + SD). None was taking any medication known to affect carbohydrate metabolism. This study was approved by the Stanford University Human Subjects Committee, and each individual signed a consent form upon admission to the Stanford Clinical Research Center.
Experimental protocols. Research volunteers were admitted to the Stanford Clinical Research Center on two different occasions to undergo one of three infusion protocols (Protocol 1, 2 or 3). Briefly, Protocol i consisted of a tolbutamide infusion at a dose that increases portal vein insulin without changing peripheral insulin concentrations. Protocol 2 consisted of infusing tolbutamide in the presence of somatostatin to verify whether tolbutamide had a direct effect on HGE Protocol 3 involved infusion of a larger amount of tolbutamide in order to obtain a more accurate estimate of the time course of the inhibition of HGP. Details of these protocols are outlined below.
For the first two protocols, patients were admitted on two different occasions the night before each test (test A or B), and studied the following morning after a 12-h fast. At 05.30 hours, a venous catheter was inserted antecubitally in one arm and a primed (15 ~tCi bolus) continuous infusion (0.15J~tCi/min) of HPLC purified D-[3-aH]-glucose (Dupont-NEN Research Products, Boston, Mass, USA) was given from 06.00 hours to 12.00 hours. We allowed 2 h for equilibration of the tracer (06.00 to 08.00 hours), and no blood samples were drawn during this period. From 08.00 hours (time 120 min) onward, blood samples were obtained at 10-min intervals for the first 60 min, at 20-min intervals from 180-340 min and again at 10-min intervals until 360 min or 12.00 hours. Blood samples were obtained from an indwelling retrograde hand vein catheter placed in the hand contralateral to the tracer infusion site. The hand was kept in a box heated to 65 ~ for blood arterialization. Blood was collected in EDTA for measurements of plasma glucose [8] , insulin [9] , and C-peptide [10] concentrations.
Specific activity of D- [3-3H] glucose was determined in plasma deproteinized with Ba(OH)z and ZnSO 4 [11] . Glucose concentration was measured in the supernatant, and D[3H]-glucose radioactivity quantified by scintillation counting after the elimination of 3H-labelled water, achieved by evaporation of total water in the deproteinized plasma under compressed air. Glucose specific activity was calculated as the ratio of radioactivity to glucose in each deproteinized sample, corrected for volume dilution. Specific protocols are described as follows:
Protocol I (n = 9). In protocol 1, volunteers were given test A and test B in random order with 3-5 days in between. In test A, a tolbutamide infusion was initiated 120 min after the start of the tracer infusion, and was given for 240min (08.00-12.00 hours) at a continuous rate of 0.74 mg. m -2 9 min -1. This dose of tolbutamide was chosen based on preliminary experiments showing that peripheral insulin concentrations did not change in response to this infusion rate. With such an infusion rate, there was no need to infuse exogenous glucose and we could therefore assess the direct effect of portal vein insulin on HGE Because it has been shown previously that HGP can decrease with time [12] , volunteers were infused on a second occasion (Test B) with D[3-3H]-glucose and saline from 06.00 to 12.00 hours to obtain baseline control values.
Protocol 2 (n --6).
A second series of experiments were performed to evaluate the possibility that tolbutamide might have a direct effect on HGP, independent of insulin secretion elicited by tolbutamide. To achieve this goal, tolbutamide-induced increases in endogenous insulin secretion were blocked with somatostatin (350 pg/h), while basal glucagon (0.5 ng. kg -1. min -1) and insulin (5 mU. m -z. min -1) concentrations were replaced for the entire 360-min infusion period. In Test A, tolbutamide was infused from 08.00 to 12.00 hours and measurements of glucose turnover were performed as before. Three doses of tolbutamide (0.74 in i subject; 1.45 in 2 subjects and 2.89 mg. m -2. min -1 in 3 subjects) were used to assess the direct effect of tolbutamide on HGP. The control study (Test B) was similar to Test A, except that saline was started at 08.00 hours. Test A and B were performed in random order.
Protocol 3 (n = 8).
This last protocol was aimed at examining the time course of the inhibition of HGP with a higher dose of tolbutamide. In this protocol, volunteers were given a bolus of tolbutamide (253 mg/m 2) at 08.00 hours, following 120 min of isotopic equilibration, followed by a 30-min continuous infusion of tolbutamide (2.89 mg. m -2. rain-l). The dose of tolbutamide was determined based on a previous publication [13] , and was intended to double peripheral insulin concentrations over an infusion period of at least 30 min. Since the infusion of exogenous glucose has been shown to inhibit HGP [14] , dextrose infusion was withheld until 30 min after the beginning of the tolbutamide infusion. HGP and glucose disposal rate (Rd) were calculated as in the two previous protocols. There was no control study in this particular protocol.
Calculations. Hepatic glucose production (HGP) and Rd were calculated using Steele's non-steady-state equation [15] as modified by De Bodo [16] . This equation is derived from a one-compartment model and the fixed pool fraction used was 0.65. Before being used in the Steele equation, values of D[3-3HI-glucose specific activities, as well as plasma glucose levels, were smoothed using the optimal segment method [17] . In protocol 1, 2 and 3, HGP are plotted as values relative to baseline: the latter defined as the average of the three 10-min intervals of the last 30 min of the isotopic equilibration period (90 to 120 min). Absolute values were also analysed and are reported in the Results Section.
Statistical analysis. Data are expressed as the mean + SEM and were analysed by the Statistical Analysis System (SAS) program (SAS Inc., Cary, N.C., USA), using the general linear model procedure. Comparisons between the tolbutamide and its control infusion were performed using a repeated measure of two-factor analysis of variance (time x treatment group) within each subject. When indicated, a one-way analysis of variance (ANOVA) was also used to compare time courses of glucose, insulin, or glucose turnover data for a given infusion within subjects. In addition, paired and unpaired Student's ttests were used in Protocols 1, 2 and 3 to compare some specific aspects in the kinetics of glucose, insulin, HGP and Rd. Figure 1 compares the effects of tolbutamide or saline on changes in plasma insulin, C-peptide and glucose concentrations. As expected, the data in the top panel show that peripheral plasma insulin concentrations were identical throughout the entire 240 rain following the infusion of either the R Maheux et al.: Direct inhibition of HGP by insulin lower dose of tolbutamide (0.74 mg. m -2. min -1) or saline. However, despite identical peripheral plasma insulin concentrations, the results in the middle panel of Figure 1 demonstrate that concentrations of Cpeptide were significantly higher throughout the 240-min infusion period in response to the infusion of tolbutamide (p < 0.001 using a two-factor ANO-VA). More specifically, C-peptide increased from a baseline value of 0.38 + 0.05 nmol/1 to a maximum of 0.44 + 0.06 nmol/1 (A = + 15.5 + 2.5 %; p < 0.01 by paired t-test) 40 min after the beginning of the tolbutamide infusion. In contrast, C-peptide concentrations during the saline infusion fell from 0.39+ 0.04 nmol/l at 120 min to 0.35 + 0.03 nmol/l at 160 min (A = -9.3 + 4.7 %; p > 0.05) and even lower to 0.29 + 0.04 nmol/1 at 360 min. Finally, the lower panel of Figure 1 depicts the plasma glucose concentrations resulting from the infusion of tolbutamide (0.74 mg-m -2-min -1) as compared to the saline control. It can be seen that plasma glucose concentrations decreased to a significantly greater degree in response to the tolbutamide infusion (from 5.1 + 0.2 to 4.4 + 0.1 mmol/1 or A = -13.0 + 2.1% vs A = -2.8 + 2.2 % with the saline infusion; p < 0.01). Figure 2 illustrates the relative changes in Rd (top panel) and HGP (bottom panels) rates during the two infusion studies. Without any changes in peripheral insulin concentrations, it can be seen that Rd did not change substantially in response to the tolbutamide or the saline infusion (Fig. 2 , top panel; p > 0.05). In contrast, HGP decreased in absolute values from an average of 9.0 + 0.5 to 7.7 + 0.5 Fmol 9 kg -1 9 min -1 (Fig. 2, middle panel) and this difference was statistically significant when compared to the saline infusion by two-way ANOVA (p <0.001). When HGP data were plotted relative to baseline values (a mean of HGP in the last 30 min before the infusion), the difference between the saline and tolbutamide infusions was obvious and remained statistically significant (p < 0.001 using a two-way ANOVA over the entire time course; Fig. 2, lower panel) . It is worth noting that the suppression of HGP occurred within 10 min of the tolbutamide infusion protocol (A = -9.9 + 5.9 %) and remained so for a significant portion of the study.
Results

Protocol 1.
To present these data from a different perspective, the comparative effects on Rd and HGP in response to the saline (top panel) and tolbutamide (middle panel) infusions are illustrated in Figure 3 . It is apparent that Rd and HGP were essentially identical during the saline infusion (Fig. 3, top panel) , consistent with the finding that plasma glucose did not change during the saline infusion (Fig. 1, lower panel) . In contrast, HGP decreased in response to tolbutamide (p < 0.001; Fig.3, middle panel) , accounting for the significant decline in plasma glucose concentration observed in response to the tolbutamide infusion (Fig. 1, lower panel) . To assess whether a peripheral effect of insulin had occurred, we plotted the metabolic clearance rate (MCR) of glucose (Rd divided by the ambient plasma glucose) over the entire duration of the tolbutamide and the saline infusion. It is obvious from Figure 3 (lower panel) that the MCR of glucose was not changed by the infusion of a small dose of tolbutamide (p = 0.59 using a two-factor ANOVA). Figure 4 show the results of experiments in which the effects of tolbutamide and saline on plasma insulin, glucose, and HGP were compared in the presence of a continuous infusion of somatostatin (to suppress the endogenous insulin secretion). Data are expressed as pooled values for the three different doses of tolbutamide and the statistical analysis was performed using paired values for each individual. It is apparent that plasma insulin and glucose concentrations and HGP were essentially identical during the infusion of tolbutamide or saline (p > 0.05). It should be appreciated that exogenous insulin and glucagon were also infused during these Protocol 3. 
Protocol 2. The data in
Discussion
The goal of these experiments was to see whether an increase in portal vein insulin concentration could inhibit HGP, independent of an increase in peripheral plasma insulin concentration. In order to accomplish this task, we used an experimental approach based on the premise that portal insulin concentration would always be higher than peripheral insulin concentration during an infusion of tolbutamide. Although this assumption was based upon the generally accepted belief that tolbutamide directly stimulates pancreatic insulin secretion, direct evidence in support of the view has recently been published [18] . Therefore, if similar peripheral insulin concentrations are seen following the tolbutamide and saline infusions, HGP should be lower following tolbutamide if increases in portal insulin directly inhibit HGP. The results presented in Figures 1-3 provide direct evidence in support of this formulation. Thus, the data shown in the lower panels of Figures 1 and  2 demonstrate that both plasma glucose concentration and HGP were significantly lower during the 240-min infusion of tolbutamide compared to the saline control. This was seen despite the fact that peripheral insulin levels were similar during the infusion of the two test substances (Fig. 1 top) . When the effect of tolbutamide on regulation of Rd and HGP was compared to that of the saline control infusion (Fig. 3) , it can be seen that although both variables changed throughout the study there was a significant decrease in HGP, relative to the changes in Rd in responses to the tolbutamide, as compared to the saline infusion. Since C-peptide levels were significantly higher in response to the tolbutamide infusion ( Fig. 1) , it seems almost certain that portal vein insulin concentrations were also increased, despite the absence of peripheral hyperinsulinaemia. Thus, the fall in plasma glucose and HGP (Figs. 1 and 2 ) strongly suggests that increased levels of insulin in the portal vein can inhibit HGP independently of peripheral hyperinsulinaemia. On the other hand, we cannot rule out the possibility that a small increase in peripheral insulin level, not detected by our assay, could have inhibited lipolysis, and the subsequent decline in NEFA level could have contributed to the fall in HGP. However, the absence of an increase in the MCR of glucose (Fig. 3, lower panel) in response to tolbutamide as compared to saline suggests that a peripheral effect of insulin was not present. Indeed, in protocol 1, HGP and Rd moved at the same rate during the tolbutamide infusion, resulting in a glucose MCR for glucose that was virtually flat during the infusion of either saline or tolbutamide. These calculations provide some support for the fact that the fall in HGP was independent of a significant peripheral effect of insulin.
The experiment outlined in Protocol 2 were performed in order to rule out the possibility that the fall in HGP seen during tolbutamide administration in Protocol i was not due to a direct effect of tolbutamide to inhibit HGP. The finding (Fig.4) that neither plasma glucose concentration nor HGP decreased when tolbutamide was given in association with somatostatin demonstrates that tolbutamide per se does not directly inhibit HGP. However, it could be argued that tolbutamide could indirectly affect HGP by suppressing glucagon levels [19, 20] . In previous studies, this suppressive effect of tolbutamide on glucagon release was seen at tolbutamide infusion rates 5-15 times greater than those used in the current study, and only occurred when plasma glucose concentrations were clamped in response to tolbutamide [20] . However, when plasma glucose concentrations were allowed to fall, as in the lower panel of Figure 1 in the current study, there was absolutely no discernible change in glucagon concentrations [19] . Furthermore, it also appears from resuits of recent studies that sulfonylureas do not influence alpha-cell function, either directly or indirectly by a paracrine effect via insulin suppression [21] . While glucagon concentrations were not measured in the present study, it is unlikely that such a small dose of tolbutamide could have had any significant impact.
Finally, the glucose turnover data (HGP and Rd) in response to a primed-continuous and higher dose of tolbutamide in Protocol 3 provide supplemental evidence that insulin can inhibit HGP directly. In these studies, a higher dose of tolbutamide increased portal and peripheral insulin ~oncentrations, leading to an increase in Rd (A -+ 21.0 + 9.1%) and a decrease in HGP (A = -32.8 + 7.0 %) at 30 min. Within 10 min of the beginning of the tolbutamide infusion, there was a 26.3 _+ 6.0 % drop in HGP as compared to a 6.9 + 5.3 % rise in Rd, and the magnitude of this difference was statistically significant (p<0.03). These data are reminiscent of earlier works from Prager et al. [22] demonstrating that the inhibition of HGP was more rapid than the increase in Rd. A few years later, Bergman et al. [17, 23, 24] showed that Rd was a "sluggish process", dependent on a transcapillary transport of insulin at the level of the skeletal muscle. In these experiments, Bergman demonstrated that half the stimulation of Rd, in the context of a hyperinsulinaemic clamp, was obtained 40-45 min after the administration of lnsulin, and that it was highly dependent on the increase in lymph (interstitial) insulin concentrations. If one assumes that a small dose of tolbutamide (such as the one used in Protocol 1), that did not lead to a measurable increase in plasma insulin can affect substrate flow from periphery to liver within 10 min, it implies a minimal role of this postulated rate-limiting step of insulin transport from plasma to tissue. Finally, in addition to the absence of any measurable increase in plasma insulin concentrations, and the rapidity of the decrease in HGP, there is the fact that MCR of glucose did not change in our low-dose tolbutamide protocol. All of these considerations support the notion that insulin directly inhibit HGP.
The results presented in this study have shown that increases in portal vein insulin concentration can inhibit HGP in the absence of increases in peripheral vein insulin concentration. As such, they support the view that insulin can directly inhibit HGP. This conclusion should not be construed to imply that insulin per se is the major regulator of HGP. For example, there are two publications [5, 6] showing that the direct administration of insulin into the portal vein is no more powerful than peripherally administered insulin,in suppression of HGP when peripheral insulin concentrations are perfectly matched. On the other hand, interpretation of these studies is confounded by the fact that glucose had to be infused in significant amounts in order to maintain euglycaemia when the insulin was administered peripherally and we have previously shown the powerful inhibitory effect of a glucose infusion on HGP, in the absence of any apparent change in plasma glucose concentration [141.
The current results do not permit us to make any quantitative estimates of the relative importance of a direct effect of insulin on inhibition of HGP, as compared to an indirect effect by decreasing substrate flow to the liver. For example, the C-peptide levels increased to a greater degree during the tolbutamide infusion than was the associated decrease in either plasma glucose concentration or HGP. Thus, it could be argued that the ability of insulin to directly inhibit HGP may be relatively small in magnitude, indeed, this conclusion is quite consistent with evidence that inhibition of HGP by insulin occurs both directl3/, ~s well as indirectly by inhibiting substrate flow from peripheral tissues to the liver [20] ~iia-the pres:ent study, it is unlikely that the infusion of a minute dose of tolbutamide (insufficient to raise peripheral insulin levels), could have had a peripheral effect on substrate flow. Therefore, these arguments point to a direct action of portal vein insulin on HGP.
In conclusion, the results presented have shown that tolbutamide can inhibit HGP and lower plasma glucose concentration in the absence of any increase in peripheral plasma insulin concentration. Furthermore, this effect of tolbutamide on HGP and plasma glucose can be seen in the absence of any increase in peripheral glucose disposal rate. As such, these data provide direct evidence that portal insulin can act directly on the liver to inhibit HGP.
